Abstract. Post-operative pulmonary complications such as pneumonia, acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are closely associated with morbidity and mortality after esophagectomy. One lung ventilation (OLV) is commonly used during esophagectomy. However, the effect of the anesthetic agents on the inflammatory response induced by OLV has yet to be evaluated, particularly during esophagectomy, which causes several complications in the lung. The aim of the present study was to determine the effects of anesthetic agents, such as sevoflurane or propofol, on the inflammatory reactions at the airway. Twenty patients undergoing esophagectomy were randomized to receive either sevoflurane (n=10) or propofol (n=10) as a main anesthetic agent. Epithelial lining fluid (ELF) was obtained from ventilated-dependent lung (DL) and collapsed non-dependent lung (NDL) by a bronchoscopic microsampling method. The levels of inflammatory cytokines and chemokine [tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, IL-8, IL-10 and IL-12p70] in the ELF were measured using multiplexed bead-based immunoassays before and after OLV. The results indicated that the levels of IL-6 in ELF were significantly increased in both the ventilated DL and collapsed NDL after OLV compared with the levels prior to OLV in the sevoflurane group. By contrast, there was no significant change in the IL-6 levels in the propofol group in the ventilated DL and collapsed NDL before and after OLV. Similarly, IL-8 levels were markedly increased in the ventilated DL and collapsed NDL after OLV compared with those before OLV in the sevoflurane group, whereas there was no significant change in IL-8 levels in the propofol group in the ventilated DL and collapsed NDL before and after OLV. In contrast to the changes in IL-6 and IL-8 levels, levels of IL-10, an anti-inflammatory cytokine, were not obviously changed in both the ventilated DL and collapsed NDL before and after OLV in the sevoflurane group. However, IL-10 levels in the propofol group were increased in the ventilated DL and collapsed NDL after OLV compared with those before OLV. Of note, the levels of TNF-α, IL-1β and IL-12p70 in ELF were below the detection limits. These observations suggested that propofol anesthesia more potently suppresses the surgical stress-induced inflammatory perturbation at the local milieu of the airway during esophagectomy compared with sevoflurane anesthesia.
Introduction
Esophagectomy is one of the most invasive treatments in gastrointestinal surgery (1) . Post-operative pulmonary complications such as pneumonia, acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) prolong the duration of mechanical ventilation and have been found to be strongly associated with increased morbidity and mortality after esophagectomy (2) . Surgical procedures for esophagectomy also induce systemic inflammatory response syndrome (SIRS), characterized by the overproduction of pro-inflammatory cytokines, which elicit excessive stress and may trigger postoperative complications (2) .
Previously, we showed that one-lung ventilation (OLV) more potently induced pulmonary inflammation [interleukin (IL)-6 production] in the ventilated-dependent lung (DL) compared with the collapsed non-dependent lung (NDL) during lung resection (3) . Moreover, the inflammatory response in the ventilated DL was significantly suppressed by volatile anesthetic agents (such as sevoflurane and desflurane) compared with an intravenous anesthetic agent (such as propofol) in patients undergoing lung resection (4) (5) (6) (7) . However, the effect of those anesthetic agents on the inflammatory response in the ventilated DL and collapsed NDL induced by OLV has yet to be evaluated, particularly during esophagectomy that causes several complications in the lung. The aim of this study was to compare the actions of anesthetic agents, sevoflurane Effects of anesthesia with sevoflurane and propofol on the cytokine/chemokine production at the airway epithelium during esophagectomy and propofol on inflammatory reaction in the ventilated DL and collapsed NDL during esophagectomy. For this purpose, airway epithelial lining fluid (ELF) was obtained by a bronchoscopic microsampling method before and after esophagectomy anesthetized with sevoflurane or propofol, and the in vivo production of inflammatory cytokines and chemokine were measured using cytometric bead array systems, and compared before and after the operation.
Materials and methods
Subjects. Twenty subjects [18 males and 2 females, age range 52-78; mean age ± standard deviation (SD), 68.6±6. 4 
years] classified as American Society of Anesthesiologists Physical
Status category I-II, undergoing cervico-thoraco-abdominal three-field lymph node dissection through a right thoracotomy were recruited in this study. The study protocol was approved by the local ethics committee (Juntendo University Hospital, Tokyo, Japan) and conducted from December, 2011 to November, 2012 in accordance with the principles of the amended Declaration of Helsinki and Ethical Guidelines for Epidemiological Research (http://aje.oxfordjournals.org/ content/170/11/1451.full). Subjects provided written informed consent prior to participating in the study. None of the subjects received premedication. Exclusion criteria were neurologic or psychiatric disease, cardiac disease classified as NYHA classes II-IV (http:// www.abouthf.org/questions_stages.htm), preoperative severe impairment of respiratory function (such as a vital capacity of <50% or a forced expiratory volume in 1 sec of <50% of that predicted), and pre-existing coagulopathy or thrombocytopenia. Subjects were also excluded if they exhibited systemic or local active infections (either clinically defined or evidenced by elevated C-reactive protein levels, leukocytosis or body temperature of >38̊C).
Subjects were randomly assigned to a sevoflurane (n=10), and a propofol (n=10) group, using a list of random numbers generated by computer software (Microsoft Excel; Microsoft Corp., Redmond, WA, USA).
Study protocols.
All the patients underwent general anesthesia combined with epidural anesthesia. Prior to surgery, a thoracic epidural catheter was inserted into the intervertebral space between T7 and T8, or T9 and T10 for pain management.
Protocol 1 (sevoflurane group) involved the induction of anesthesia with intravenous injection of propofol (1-2 mg/kg; AstraZeneca, Osaka, Japan), rocuronium (0.9 mg/kg; MSD K.K., Tokyo, Japan) and remifentanil (0.15-0.3 µg/kg/min; Janssen Pharmaceutical K.K., Tokyo, Japan). Each subject was then intubated with an endotracheal tube (Rüsch ® endotracheal tube; Teleflex Medical Sdn Bhd, Kamunting, Malaysia), and the position of the endotracheal tube was confirmed by a fiber-optic bronchoscopy (Portable Intubation Fiberscope FI-10RBS; Pentax, Tokyo, Japan). After end-tidal CO 2 was confirmed, anesthesia was maintained with the inhalation of sevoflurane (0.8-1.5 minimum alveolar concentration; Maruishi Pharmaceutical Co., Ltd., Osaka, Japan) and intravenous infusion of remifentanil (0.15-0.5 µg/kg/min).
Protocol 2 (propofol group) involved the induction of anesthesia with intravenous infusion of propofol (using a target-controlled infusion technique with a target concentration of 3-4 µg/ml), rocuronium (0.9 mg/kg) and remifentanil (0.15-0.5 µg/kg/min). Each subject was then intubated with an endotracheal tube, and end-tidal CO 2 was confirmed. Anesthesia was maintained with intravenous infusion of propofol (a target concentration of 2-4 µg/ml) and remifentanil (0.15-0.5 µg/kg/min).
Following intubation, the patients were placed in a left lateral position. The subjects were ventilated by pressure-controlled ventilation with 4-cm H 2 O-positive end-expiratory pressure, and peak inspiratory pressure was maintained at >20 cm H 2 O with a tidal volume of 7-10 ml/kg, with the fraction of inspired oxygen (FIO 2 ) being maintained at 0.4. The oxygen saturation was adjusted to >97%, and the respiratory rate was adjusted in order that normocapnia could be maintained (normal arterial carbon dioxide pressure). General anesthesia was maintained using sevoflurane or propofol, with epidural anesthesia using ropivacaine (Maruishi Pharmaceutical Co., Ltd.) and 3 mg morphine hydrate (Daiichi Sankyo Company, Ltd., Tokyo, Japan).
During esophagectomy, OLV was performed using a Coopdech endobronchial blocker tube (Daiken Medical Co., Ltd, Osaka, Japan), and the FIO 2 of the left lung (DL) was controlled to maintain SaO 2 >90%. When the peak inspiratory pressure was >30 cm H 2 O, the position of an endobronchial blocker tube was confirmed using a fiber-optic bronchoscope. Bronchial suction was subsequently performed, and the tidal volume was reduced to 5-7 ml/kg, when required. Following the thoracic esophagectomy and the posterior mediastinal lymph node dissection, the endobronchial blocker tube was removed and the right lung (collapsed NDL) was manually inflated until visible atelectasis was ameliorated, and two-lung ventilation was resumed. Thereafter, the patients were placed in the supine position, and post-operative analgesia was provided with continuous epidural infusion of 0.2% ropivacaine plus 5 mg morphine/day. A gastric or colonic tube was constructed at laparotomy, and cervical esophagogastrostomy was performed. After confirming that the forced vital capacity was >10 ml/kg and the circulation was stable, the endotracheal tube was removed, and then the patients were transferred to the intensive care unit. ALI and ARDS were evaluated throughout the post-surgical period. ALI and ARDS were defined according to the American European Consensus Conference on ARDS criteria (8) . Additional criteria included bilateral infiltrations on plain chest radiographs and no clinical evidence of left atrial hypertension. The duration of SIRS after surgery was evaluated according to the definition of the American College of Chest Physicians/Society of Critical Care Medicine. SIRS is characterized by two or more of the following conditions: i) body temperature >38˚C or <36˚C, ii) heart rate >90 beats/min, iii) respiratory rate >20 beats/min or PaCO 2 <32 mm Hg and iv) white blood cell count >12,000 cells/mm 3 , <4,000 cells/mm 3 or 10% immature (band) forms (9) .
Bronchoscopic microsampling. ELF was obtained by a bronchoscopic microsampling method before and after OLV. A bronchofiberscope was inserted into the trachea through an endotracheal tube and placed at the bifurcation. A bronchoscopic microsampling probe (BC-402C; Olympus, Tokyo, Japan) was inserted into the right and left main bronchi through the channel of the bronchofiberscope: the probe comprised a 2.6-mm outer-diameter polyethylene sheath and an inner 1.9-mm diameter cotton probe (20 mm length) attached to a stainless steel guidewire. The inner probe was gently advanced 7 cm from the bifurcation into the right and left main bronchi until it made contact with the mucosal surface. ELF was obtained from the mucosal surface under direct observation. The inner probe was then withdrawn, and the probe was sectioned at 30 mm from its tip and stored at -80̊C until analysis. Furthermore, peripheral blood was collected before and after OLV, simultaneously with ELF sampling, and one day after the surgery. Sera were prepared from blood samples by centrifugation at 1,700 x g for 20 min and stored at -80̊C until analysis.
Measurement of cytokines.
The probe was weighed and mixed with 500 µl distilled water by vortexing for 1 min, and the solution was recovered. The probe was then dried and reweighed to estimate the recovered ELF by subtracting the weight of dried probes from that of wet probes (the difference of the weight of wet probe and dried probe was ~10 mg), after which the dilution factor was calculated (10) .
Inflammatory cytokine and chemokine levels in ELF were measured using the cytometric bead array systems (Human Inflammatory Cytokine CBA kit; Becton-Dickinson, Franklin Lakes, NJ, USA). The human Inflammatory Cytokine kit included six fluorescently distinguishable capture microbeads coated with antibodies against the analytes, tumor necrosis factor (TNF)-α, IL-1β, IL-6, IL-8, IL-10 and IL-12p70. This method can detect cytokines bound onto microbeads by using an enzyme-linked immunosorbent assay. The minimum quantifiable levels of cytokines detected with the Human Inflammatory Cytokine kit were 3.7 for TNF-α, 7.2 for IL-1β, 2.5 for IL-6, 3.6 for IL-8, 3.3 for IL-10 and 1.9 pg/ml for IL-12p70. The cytokine levels in sera before and after OLV were also measured using the cytometric bead array systems without dilution.
Statistical analysis. Data are shown as the means ± SD. Statistical significance was determined by one-way ANOVA, the Student's t-test or the Fisher's exact test (GraphPad Prism 5; GraphPad, San Diego, CA, USA). P<0.05 was considered to be significant.
Results

Patient characteristics.
Patient characteristics are shown in Table I . Gender, age, body mass indices, vital capacity, forced expiratory volume in 1 sec (FEV1.0), partial pressure of oxygen in arterial blood (PaO 2 ), the durations of surgery, anesthesia and OLV, estimated blood loss and the volume of fluid administration (crystalloid solution and Hespander fluid solution containing hydroxyethyl starch; Otsuka Pharmaceutical Factory, Inc., Tokushima, Japan) and blood transfusion during surgery did not significantly differ between the sevoflurane and propofol groups.
Comparison of cytokine levels in ELF between the sevoflurane and propofol groups before and after OLV. Fig. 1 shows the changes in the levels of IL-6 in ELF recovered before and after OLV from the ventilated DL and collapsed NDL of the sevoflurane and propofol groups. The levels of IL-6 in ELF were significantly increased in the ventilated DL and collapsed NDL after OLV compared with levels prior to OLV in the sevoflurane group (P<0.05) (Fig. 1A and B) . In contrast, there was no significant change in the IL-6 levels in the propofol group in both the ventilated DL and collapsed NDL before and after OLV (Fig. 1C and D) , although the IL-6 level was slightly decreased in the ventilated DL after OLV (Fig. 1C) . Fig. 2 shows the changes in the levels of IL-8 in ELF recovered before and after OLV from the ventilated DL and collapsed NDL of the sevoflurane and propofol groups. Similar to the changes in IL-6 levels, the IL-8 levels were markedly increased in the ventilated DL and collapsed NDL after OLV compared with those prior to OLV in the sevoflurane group ( Fig. 2A and B) , and the increase in the IL-8 level after OLV was significant in the ventilated DL (P<0.05) (Fig. 2A) . By contrast, there was essentially no significant change in the IL-8 levels in the propofol group in the ventilated DL and collapsed NDL before and after OLV (Fig. 2C and D) , although the IL-8 levels were slightly decreased in the ventilated DL and collapsed NDL after the OLV. Fig. 3 shows the changes in the levels of IL-10 in ELF recovered before and after OLV from the ventilated DL and collapsed NDL of the sevoflurane and propofol groups. In contrast to the changes in IL-6 and IL-8 levels, no clear change was observed in the IL-10 levels in the ventilated DL and collapsed NDL before and after OLV in the sevoflurane group (Fig. 3A and B) . IL-10 levels in the propofol group, however, were increased in the ventilated DL and collapsed NDL after OLV compared with those prior to OLV (Fig. 3C  and D) , although the changes were not significant. The levels of TNF-α, IL-1β and IL-12p70 in ELF were below the detection limits.
Comparison of cytokine levels in sera between the sevoflurane and propofol groups before and after OLV. Fig. 4 shows the changes in the serum levels of IL-6 and IL-8 before and after OLV, and one day after the surgery in the sevoflurane and propofol groups. In the sevoflurane and propofol groups, the serum levels of IL-6 and IL-8 were markedly increased after OLV compared with those prior to OLV, and slightly decreased one day after the surgery ( Fig. 4A and B) . Notably, the serum levels of IL-6 and IL-8 before and after OLV and one day after the surgery were not significantly different between the sevoflurane and propofol groups. The levels of TNF-α, IL-1β, IL-10 and IL-12p70 in sera were below the detection limits.
Changes in the PaO2/FiO2 ratio during and after the surgery. Fig. 5A shows the changes in the ratio of PaO 2 /FiO 2 , one of the indicators for ALI and ARDS, before and after OLV, one and two days after the surgery in the sevoflurane and propofol groups. The PaO 2 /FiO 2 ratio was significantly decreased after OLV compared with those before OLV (P<0.01), and maintained at almost the same level one and two days after the surgery in the sevoflurane and propofol groups. The PaO 2 /FiO 2 ratio was not significantly different between the sevoflurane and propofol groups at each point (Fig. 5) .
Durations of ALI, ARDS and SIRS after the surgery.
The durations of ALI, ARDS and SIRS were not statistically different between the sevoflurane and propofol groups after the surgery (Fig. 6 ). In addition, there were a few incidences of SIRS in the two groups (Table II) , although there was no significant difference between the two groups.
Discussion
Findings of previous studies have shown that airway epithelial cells express and secrete various inflammatory and immune molecules including cytokines (TNF-α, IL-1β, IL-6 and IL-10) and chemokines (IL-8 and MCP-1) (5, 11, 12) . TNF-α, IL-1β and IL-6 function as proinflammatory molecules, whereas IL-8 and MCP-1 act as chemoattractants that are responsible for the recruitment of effector cells such as neutrophils and monocytes (13, 14) . Moreover, IL-10 suppresses the proinflammatory cytokine production and the antigen-presenting capacity of monocytes/macrophages and dendritic cells (15) . The expression and production of these molecules signifies that the airway epithelium plays an important role in the initiation and exacerbation of inflammatory responses within the airways (16) . Anesthesia and surgical trauma induce immunological and inflammatory responses by stimulating airway epithelial cells to produce pro-and anti-inflammatory cytokines in the lung (17) . In this context, anesthetic agents such as sevoflurane and propofol modulate the inflammatory reactions in the local milieu of the airway (4). Moreover, esophagectomy is one of the most invasive treatments in gastrointestinal surgery (1) , triggering the inflammatory reaction, with the increased levels of pro-inflammatory cytokines IL-6 and IL-8, and an anti-inflammatory cytokine IL-10 in bronchoalveolar lavage (18, 19) . In addition, OLV, an anesthetic procedure, induces the inflammatory reaction more potently in the ventilated DL compared with the collapsed NDL (3). Thus, in the Number of patients who developed systemic inflammatory response syndrome (SIRS) following one-lung ventilation (OLV) (Post-OLV), one day (POD1) and two days after the surgery (POD2) is shown.
Values are compared between the sevoflurane and propofol groups.
present study, we compared the actions of anesthetic agents, sevoflurane and propofol on the inflammatory reaction in the ventilated DL and collapsed NDL during esophagectomy before and after OLV. The present results show that the levels of IL-6 in ELF were significantly increased in the ventilated DL and collapsed NDL after OLV compared with those prior to OLV in the sevoflurane group. By contrast, no significant change was observed in the IL-6 levels in the propofol group in the ventilated DL and collapsed NDL before and after OLV. Similar to the changes in IL-6 levels, the IL-8 levels were markedly increased in the ventilated DL and collapsed NDL after OLV compared with those prior to OLV in the sevoflurane group, whereas there was no significant change in the IL-8 levels in the propofol group in the ventilated DL and collapsed NDL before and after OLV. In contrast to the changes in IL-6 and IL-8 levels, no clear change was evident in the IL-10 levels in the ventilated DL and collapsed NDL before and after OLV in the sevoflurane group. IL-10 levels in the propofol group, however, were increased in the ventilated DL and collapsed NDL after OLV compared with those before OLV. These observations suggest that propofol anesthesia more potently suppresses surgical stress-induced inflammatory perturbation compared with sevoflurane anesthesia during esophagectomy. In this context, it is of note that propofol decreases the secretion of IL-8 from lipopolysaccharide (LPS)-stimulated human neutrophils (20, 21) . It is reported that propofol, at clinically relevant concentrations, can reduce inflammatory responses in LPS-induced alveolar type Ⅱ cell injury through the downregulation of CD14 and Toll-like receptor 4 expression (22) . Furthermore, propofol is indicated to protect endothelial cells against toxic-free radicals in vitro (23, 24) . By contrast, it has been shown that anesthesia with sevoflurane leads to the depressed bronchociliary clearance compared with propofol in vivo (25) , a depression of the bronchial cilia function is associated with the increased rate of pulmonary complications. Sevoflurane anesthesia is reported to increase the plasma levels of IL-6, TNF-α and IL-1β (26) (27) (28) . In addition to the effects on the inflammatory responses (cytokine/chemokine production), the inhalation anesthetics such as sevoflurane and desflurane, which comes directly into contact with airway epithelium and alveolar macrophages, potently induce apoptosis and result in the decrease of alveolar macrophages in blonchoalveolar fluid (BALF) (29) . Propofol, however, which is intravenously administered, exhibits anti-inflammatory and anti-oxidant actions during mechanical ventilation, thus preventing apoptosis of alveolar cells (30, 31) . Based on these findings, it can be hypothesized that propofol exerts a more protective effect on the local milieu of the airway compared with sevoflurane during surgical stress with esopagectomy.
Damage of the alveolocapillary unit leads to an increase in alveolar permeability and recruitment of neutrophils and monocytes/macrophages into the alveolar space (32, 33) . During these processes, pro-inflammatory cytokines are released from pulmonary epithelial cells and inflammatory cells, resulting in an excessive inflammatory response such as ARDS (34) . By contrast, among cytokines, IL-10 has anti-inflammatory abilities and inhibits the synthesis of pro-inflammatory cytokines (31) . Results of a previous study showed an increased anti-inflammatory response with higher levels of IL-10 in patients receiving propofol anesthesia compared with inhalation anesthesia with isoflurane in abdominal surgery (32) . In addition, evidence suggests that the anti-inflammatory response with the production of IL-10 is an important factor for reducing the complications of major abdominal surgery, since the lower IL-10/TNF-α ratio increases the occurrence of post-operative complications (33) . Similarly, the present study results revealed that the IL-10 levels in the ELF were increased in the ventilated DL and collapsed NDL in the propofol group after OLV compared with the sevoflurane group (Fig. 3C and D) . Moreover, IL-6 and IL-8 levels were not essentially increased in the propofol group following OLV compared with the sevoflurane group. These observations suggest that propofol likely reduces the post-operative complications by exhibiting anti-inflammatory action at the airway through the induction of IL-10 production and suppression of IL-6 and IL-8 production, although there was no apparent difference in the clinical course such as durations of ALI, ARDS and SIRDS after the esophagectomy between propofol and sevoflurane anesthesia.
By analyzing the cytokine/chemokine levels in ELF, we revealed that sevoflurane increased IL-6 and IL-8 but not IL-10 in ELF after OLV, whereas propofol increased IL-10 but not IL-6 and IL-8 in ELF after OLV. By contrast, the levels of IL6 and IL-8 in sera were almost the same between the sevoflurane and propofol groups before and after OLV, IL6 and IL-8 similarly increased after OLV, and decreased one day after the surgery in the sevoflurane and propofol groups. These observations suggest that the inflammatory response (the cytokine/chemokine production) at the airway cannot be detected by the changes in the cytokine/chemokine levels in sera. Of note, it has been reported that pro-inflammatory cytokines such as IL-1β, IL-4, IL-6, TNF-α and IFN-γ are not significantly increased in patients undergoing laparoscopic cholecystectomy compared with open cholecystectomy (35) . Moreover, the changes of serum cytokoine/chemokine levels indicate the systemic inflammatory response and depend on the invasive surgical procedure (36,37) such as esophagectomy. Thus, the present study suggests that the cytokine/ chemokine levels in ELF may reflect the inflammatory response at the local milieu of the airway more sensitively compared with those in sera during the invasive esophageal surgery.
Previously, it has been shown that OLV more potently induces the IL-6 production in the ventilated DL compared with the collapsed NDL during lung resection with propofol anesthesia (3) , and that the inflammatory response (cytokine production) in DL is significantly suppressed by sevoflurane compared with propofol in patients undergoing lung resection. By contrast, the present study revealed that there was no essential difference in the IL-6 level in ELF between DL and NDL during propofol anesthesia (Fig. 1C and D) , and that the cytokine production in DL was suppressed by propofol but not sevoflurane in patients undergoing esophagectomy (Figs. 1, and 2A and C). These discrepancies remain to be elucidated. However, serum cytokine levels were not significantly changed during lung resection (3,4), but were markedly altered during esophagectomy (Fig. 4) . These observations likely suggest that esophagectomy with an invasive surgical procedure (including, not only thoracotomy, but also laparotomy) induces a more potent inflammatory response in the body, and modulates the effects of anesthetic agents (sevoflurane and propofol) on the inflammatory response at the airway, differently from lung resection.
In conclusion, we have demonstrated that the administration of propofol suppresses the IL-6 and IL-8 production but enhances the IL-10 production in ELF compared with sevoflurane during esophagectomy. Thus, propofol anesthesia may more potently suppress the surgical stress-induced inflammatory perturbation at the local milieu of the airway compared with sevoflurane anesthesia during esophagectomy. However, it is crucial that the role of these anesthetic agents be given more attention in the clinic due to their ability to induce an inflammatory response and possibly affect post-operative pulmonary and systemic complications.
